We measured contrast thresholds for Gabor targets in the presence of maskers which had higher or lower spatial frequencies than the targets. A high-pass fractal masker elevated target contrast thresholds at low and intermediate pedestal contrasts in both monocular and dichoptic modes of presentation, suggesting that the masking occurs after a monocular processing stage. Moreover we found that a high-pass checkerboard masker elevated thresholds at the low and intermediate pedestal contrasts and that most of this threshold elevation disappeared when the phase of the masker's spatial components were scrambled. This masking was effective only in the dichoptic presentation, not in the monocular presentation. These results indicate that phase alignment of the high spatial frequency components plays a crucial role for interocular suppression. We speculate that phase alignments signal the existence of a luminance contour in the monocular image and that this signal suppresses processing of information in the other eye when there is no corresponding signal in that eye.
Introduction
Dichoptic masking and binocular rivalry have been used to examine the suppressive mechanisms operating between processing routes for the left and right eyes (interocular suppression). Dichoptic masking refers to the phenomenon that a stimulus presented to one eye degrades the detectability or visibility of a stimulus presented to the other eye (Breitmeyer & Ganz, 1976; Georgeson, 1988; Legge, 1979; Meese & Hess, 2005; Turvey, 1973) . In the dichoptic masking paradigm, observers see only one of the two stimuli or a superimposed image of the stimuli. On the other hand, in some situations observers alternately perceive the stimuli presented to the two eyes. The perceptual dominance of a stimulus irregularly changes over time. Such alternation of perception is called binocular rivalry (see for a review; Blake & Logothetis, 2001 ).
There could be at least three possible mechanisms for dichoptic masking and/or binocular rivalry. (1) It is known that maskers largely elevate thresholds for targets when maskers and targets share common or overlapping spatial frequencies (Legge & Foley, 1980) . This type of masking occurs not only in binocular and monocular presentations but also in a dichoptic presentation, and can be explained within a mechanism which selectively responds to a single spatial frequency (Legge, 1984; Maehara & Goryo, 2005; Meese, Georgeson, & Baker, 2006 ; but also see . Here, we refer to such masking as within-channel masking. (2) Several researchers found that maskers elevate thresholds even when maskers have very different spatial frequencies or orientations from those of targets (Foley, 1994; Meese, 2004; Ross, Speed, & Morgan, 1993) , called cross-channel masking. Cross-channel masking is effective also in a dichoptic presentation Baker, Meese, & Summers, 2007; Meese, Challinor, & Summers, 2008; Meese & Hess, 2004) . It has been suggested that cross-channel masking occurs due to contrast gain control (Foley, 1994) , mutual inhibition of monocular processing routes, and inhibition between channels within a pre-cortical monocular processing . (3) Legge (1979) noted that interocular suppression originates at a higher-level pattern processing stage. Binocular rivalry is assumed to occur at this processing stage. His argument is based on the fact that effects of dichoptic masking are at the maximal when a target and a masker have the same spatial frequency and orientation whereas binocular rivalry depends on differences in features between the two eyes. According to this view, binocular rivalry does not share common mechanisms with dichoptic masking. Boxtel, van Ee, and Erkelens (2007) suggested that binocular rivalry and dichoptic masking are the result of overlapping neural mechanisms.
Recently, Tsuchiya and Koch (2005) reported a new technique, called continuous flash suppression (CFS) , which makes it difficult to perceive a stimulus in one eye throughout prolonged viewing periods owing to stimulation of the other eye. In their experiments, a series of different Mondrian patterns was rapidly presented to one eye while a Gabor pattern was being presented to the other eye. Results showed that dominance duration of Mondrian patterns was much longer than that of a Gabor pattern (Tsuchiya & Tsuchiya, Koch, Gilroy, and Blake (2006) reported that CFS substantially increased luminance contrast thresholds of sinusoidal gratings. Tsuchiya et al. (2006) argued that CFS increases duration in which Mondrian patterns are perceived by one eye under binocular rivalry.
It is true that CFS is a powerful tool to suppress one eye. However, it seems to us that the mechanisms of CFS are still unclear, because a rapid presentation of Mondrian patterns contains many visual features, including a wide range of spatial frequencies in particular phase relationships. Therefore, we conducted three experiments to examine which properties of dichoptic stimuli are important for threshold elevation. Since Mondrian patterns have high contrast edges and these edges contain high spatial frequency components, we speculated that high spatial frequency components might be important for the threshold elevation. In Experiment 1, low-pass or high-pass filtered fractal patterns were used as maskers instead of Mondrian pattern to test the effects of spatial frequency per se. In Experiments 2 and 3, high-pass filtered checkerboard patterns were used to test the effects of phase alignment of spatial frequency components. It is worth noting that the maskers used in these experiments had spatial frequency components well away (1.6 or 3 octaves) from the center frequency of the Gabor target which they masked. Assuming that individual spatial mechanisms have bandwidths less than 3 octaves (full width at half height) for which there is ample evidence (Blakemore & Campbell, 1969; De Valois, Albrecht, & Thorell, 1982; Wilson, McFarlane, & Phillips, 1983 ), we would not expect any masking effect to be explained by within-channel masking. Moreover, we also tested the effects of flickering of maskers. Tsuchiya et al. (2006) showed that contrast discrimination thresholds were higher for a rapid presentation of Mondrian patterns with a rate of 10 Hz than for a static Mondrian pattern. If rapid changes in a dichoptic mask pattern are important for interocular suppression, a flickering-masker will produce the larger threshold elevation than a static masker. These stimulus manipulations in the present experiments allow us to test a number of possible mechanisms of CFS and interocular suppression.
General methods

Apparatus
Stimuli were generated using a VSG 2/5 (Cambridge Research System Ltd., Kent, UK), which produces 15 bit gray-level resolution, and presented on a video monitor (Compaq P1210). The display resolution was set to 1024 Â 769 pixels. The refresh rate of the monitor was set to 120 Hz. However, stimuli are presented with a rate of 60 Hz in Experiments 1 and 3 due to frame-interleaving of stimuli. The frame-interleaving method halves luminance contrast of the stimuli. We will report results using the halved effective luminance contrast in Experiments 1 and 3. Observers viewed the display through a mirror stereo scope. Presentation regions on the monitor subtended a visual angle of 10°Â 8.5°for each eye. The viewing distance was 57 cm.
Stimuli
Target patterns were Gaussian-windowed sinusoidal gratings (Gabor patterns). Their spatial frequency and size were different between Experiment 1 and the other two experiments. The mean luminance of the pattern was 30 cd/m 2 . Targets were presented on pedestals which had the same spatial pattern as the targets. This meant that the target luminance contrast was added to the pedestal contrast. Pedestal contrast was one of the independent variables. We
, to define luminance contrast of stimuli and expressed it in dB re 1, where 1 dB is 1/20 of a log unit of contrast. Targets and pedestals were static and always presented to the same eye.
The other stimuli were called maskers. We used fractal patterns in Experiment 1 and high-pass filtered checkerboard patterns in Experiments 2 and 3 as maskers. Their luminance contrast was 0, À3.1, or À6 dB (1, 0.7, or 0.5 of Michelson contrast) in Experiments 1-3, respectively. There were two masker conditions, flickering and static. Luminance contrast of maskers reversed at 10 Hz for the flickering condition, whereas no alternation was present for the static condition. In addition, there were two types of masker presentation, monocular and dichoptic. For the monocular presentation, maskers, targets, and pedestals were presented to the same one eye while a uniform field was presented to the other eye. The uniform field had the same size and the same mean luminance as the stimuli. For the dichoptic presentation, maskers were presented to one eye while targets and pedestals were presented to the other eye.
Procedure
We measured target contrast thresholds using a two interval forced-choice procedure. In each trial the target was presented in either the first or the second of two observation intervals while the pedestal and masker were presented in both intervals. A tone indicated the beginning of each interval. Observers judged which observation interval contained the higher contrast Gabor pattern, i.e. which interval contained the target. A staircase procedure was used to adjust the target contrast. We also tested a condition in which no masker was presented, called the no-masker condition.
Experiment 1
Experiment 1 examined whether high spatial frequency components are important for dichoptic masking and whether flickeringmaskers are effective. High-pass or low-pass filtered fractal patterns were used as maskers (Fig. 1) .
Methods
The underlying sinusoidal gratings of a target Gabor pattern had a spatial frequency of 2.7 cpd and were oriented at 0°in 0°cosine phase at the center of the Gaussian window. The standard deviation of the Gaussian window function was 1.9°of visual angle. Targets and pedestals subtended a visual angle of 10°Â 8.5°and were simultaneously presented for 1 s (60 frames). Their luminance contrast gradually increased and decreased (obeying Gaussian with a SD of 125 ms) during the first and last 333 ms (20 frames) of the presentation.
We presented high-pass or low-pass filtered fractal patterns as maskers (Fig. 1b and c) . ''Fractal" means that amplitude of spatial frequency components fell as spatial frequency increased (each amplitude was divided by its frequency, 1/f). Spatial frequency bands were between 0.1 and 0.8 cpd (3-octave bandwidth) for low-pass fractal and between 8.2 and 13.2 cpd (0.7-octave bandwidth) for high-pass fractal. Their spatial frequency components were at least 1.6 octaves apart from the target's center frequency. The fractal patterns had only spatial components oriented at 0°. Phases of the spatial frequency were randomized. A different phase randomization was used for each staircase. Maskers subtended a visual angle of 10°Â 8.5°. Luminance contrasts of maskers were maximized. That is, the lowest and highest values in maskers were set to 0 and 60 cd/m 2 , respectively. Maskers were continuously presented throughout a staircase.
White t-shaped nonius lines were always presented on the center of presentation areas for each eye to aid in precise binocular alignment. Observers were instructed to fuse the nonius lines so that they resembled a ''+" symbol.
Target contrast thresholds were measured using a two interval forced-choice procedure and a one-up, two-down staircase procedure. The up step size was set to be 2 dB. The down step size was initially set to be 2.5 dB and then changed to 1.2 dB after the first upward reversal. A staircase terminated after 6 upward reversals.
The experimental design was defined by a factorial combination of the masker spatial frequency (low-pass or high-pass), the masker flicker (flickering or static), the masker presentation (monocular or dichoptic), and the pedestal contrast (À1, À38, À34, À26, À20, or À14 dB). In addition to this, we tested the no-masker condition for the six pedestal contrasts. Thus there were 2 Â 2 Â 2 Â 6 + 1 Â 6 = 54 experimental conditions. Four staircases were run for each of the conditions. We calculated target contrast thresholds by taking the average of target contrasts at the last five upward reversals for the four staircases (20 reversals in total). Targets and pedestals were presented to the right eye in two out of the four staircases whereas they were presented to the left eye in the other two staircases.
Two of authors, GM and PCH, participated in Experiment 1. Their vision was corrected to normal by lenses. Fig. 2 shows target contrast thresholds of the two observers. When the high-pass masker was presented, thresholds were higher for the flickering and static conditions than for the no-masker con- dition, at pedestal contrasts of À1 and À38 dB. On the other hand, there was little or no threshold difference at pedestal contrasts of À26 to À14 dB. That is, the high-pass masker elevated target contrast thresholds mainly at the low to intermediate pedestal contrast range. Although Ross et al. (1993) reported similar results, they tested only a binocular presentation. We found that the effects of the high-pass masker were similar for monocular and dichoptic presentations. Since spatial frequencies of our maskers were 1.6 octaves away from the center frequency of targets, there would be little effect of within-channel masking. Therefore, the threshold elevation could be attributed to masking between channels tuned to different spatial frequencies. The present results suggest that cross-channel masking effects were equivalent between monocular and dichoptic presentations over a wide range of pedestal contrasts.
Results and discussion
To discuss what mechanism is responsible for the threshold elevation, we fitted a general model of contrast gain control (Foley, 1994; Legge & Foley, 1980) to the data for the no masker and high-pass masker conditions. The model can be expressed as:
where R is a response of the mechanism, E is an excitatory signal, I is an inhibitory signal, p and q are exponents for an excitatory and inhibitory signals, and Z is the semi-saturation constant. An excitation and an inhibitory signal are proportional to input contrast. A target is at threshold contrast when the response to target plus pedestal exceeds the response to pedestal alone by a constant (see an Appendix A for details). Although there are binocular versions of a contrast gain control model Maehara & Goryo, 2005; Meese et al., 2006) , the general model was used here for simplicity. For the flickering and static conditions, we assumed that high-pass maskers produce an additional inhibitory signal (a):
An additional inhibitory signal is a constant because we did not vary masker contrasts. Curves in Fig. 2 show fitting results. The fits for the no-masker condition were reasonably good (solid curves). Then we fitted the model to data for the flickering and static conditions (dashed curves). For this fitting, only an additional inhibitory signal was free to vary whereas other parameters were fixed to values estimated by fits for the no-masker condition (Table 1) . We see from Fig. 2 that the dashed curves are on or near the thresholds for the flickering and static conditions (open and filled squares) at À1 and À38 dB. That is, an additional inhibitory signal can explain the threshold elevations at low pedestal contrasts, suggesting that cross-channel masking occurs for contrast gain control processing. This is consistent with Foley's (1994) argument that a single detecting mechanism receives divisive inhibitory signals from other mechanisms tuned to different orientations and spatial frequencies. As noted above, there was little or no difference in the threshold elevation between the monocular and dichoptic presentations. If the masking occurs at a purely-monocular processing stage where there is no interaction between the two eyes, a monocular presentation would show larger threshold elevation than a dichoptic presentation. But this was not the case, suggesting that cross-channel masking occurs at contrast gain control after a monocular processing stage.
Fitting errors for the high-pass masker condition were relatively large for observer PCH. This is due to the deviation of fits at intermediate pedestal contrasts. There appear to be two different types of threshold elevation for PCH. One is the threshold elevation at the low to intermediate pedestal contrast range in the high-pass masker condition. Another is the small threshold elevation over a wide range of pedestal contrasts. This overall threshold elevation was seen in most conditions with maskers (Fig. 2b) . Watanabe, Paik, and Blake (2004) found a similar upward shift of the threshold versus pedestal contrast (TvC) function under binocular rivalry suppression. It is possible that binocular rivalry caused the overall threshold elevation in PCH's results.
The present results are consistent with previous findings that maskers, whose spatial frequencies were higher than those of targets, elevated target detection thresholds (at À1 dB pedestal contrast) both in monocular and dichoptic presentations (Meese & Hess, 2004; Meese et al., 2008) . However, Meese and Hess (2004) found that threshold elevations were larger for a dichoptic presentation than for a monocular presentation when sizes of targets and maskers were small. Stimulus size might affect threshold elevations caused by dichoptic maskers with higher spatial frequencies. We will discuss this point later. also reported differences in detection threshold elevations between monocular and dichoptic cross-channel masking. More specifically, they found that (1) dichoptic masking of contrast detection becomes stronger with increase in stimulus duration whereas monocular masking remained constant and that (2) adaptation to a grating decreased threshold elevation only for dichoptic masking but not for monocular masking. Based on these findings, concluded that there are at least two mechanisms for cross-channel masking, mutual inhibition of monocular processing routes (responsible for dichoptic masking) and inhibition between channels within a pre-cortical monocular processing route (responsible for monocular masking). A combination of these two mechanisms also can possibly produce equivalent threshold elevations for monocular and dichoptic masking. If this is the case, it is expected that threshold elevation would be greater for monocular masking than for dichoptic masking when stimulus duration is shorter (under 100 ms) than the duration in the present experiment (1000 ms). This remains to be examined.
There were only small threshold differences between the flickering and static conditions, indicating that the flickering was not Tsuchiya et al. (2006) found a substantial threshold elevation. These differences suggest that factors other than the high spatial frequency components per se yield the threshold elevation in CFS. Threshold elevation was weaker for the low-pass masker than for the high-pass masker, suggesting that high spatial frequency components may be more potent maskers than low spatial frequency components. However, this might be attributable to a difference in the total power of the Fourier transformation between the high-pass and low-pass maskers. Generally, a specific bandwidth in fractal patterns carries an equal amount of power. But spatial frequency bandwidths were different between the highpass and low-pass maskers in Experiment 1. Moreover, their luminance contrasts were maximized after filtering. These manipulations resulted in the total power being about 1.4 times larger for the high-pass masker than for the low-pass masker. If the bandwidth or total contrast of the low-pass masker were larger, the low-pass masker might also produce substantial threshold elevations.
Experiment 2
Phases of the high spatial frequency components must be aligned to produce sharp high contrast edges as present in Mondrian patterns. We suspected that phase alignment might be an important factor for interocular suppression. So here we used a high-pass filtered checkerboard pattern as a dichoptic masker.
Methods
The underlying sinusoidal gratings of a target Gabor pattern had a spatial frequency of 1 cpd and were oriented at 0°in cosine phase at the center of the Gaussian window (Fig. 3a) . The standard deviation of the Gaussian window function was 0.5°of visual angle. Targets and pedestals subtended a visual angle of 7°Â 7°and were simultaneously presented to the observers' dominant eye (the right eye for all observers).
We presented a high-pass filtered checkerboard pattern as a masker (Fig. 3b) . The masker was presented to the non-dominant eye while the targets and pedestals were presented to the dominant eye. The high-pass checkerboard pattern was made by applying a high-pass spatial filter to an 8 Â 8 black-and-white checkerboard pattern. The low cut-off frequency of the filter was 8 cpd, so that the high-pass checkerboard pattern contained spatial frequencies at least 3 octaves away from main frequency of targets and pedestals, ensuring that any effects were not due to withinchannel masking. Local luminance contrast at edges in the highpass checkerboard pattern was À3.1 dB (0.7 of Michelson contrast). The phase-scrambled version of the high-pass checkerboard pattern was also used as a masker (Fig. 3c) . A pair of different phase-scrambled patterns was used for each session of a specific condition at different pedestal contrasts. We use a term ''the phase-aligned condition" to refer to the condition using the phase-aligned, high-pass checkerboard pattern, and ''the phasescrambled condition" to refer to the condition using the phasescrambled, high-pass checkerboard pattern. Size and mean luminance of the maskers were the same as targets and pedestals (7°Â 7°of visual angle and 30 cd/m 2 , respectively).
White oblique lines were always presented at corners of stimuli as nonius lines. The right-tilted lines appeared at the top-right and bottom-left corners on targets and pedestals, whereas the lefttilted lines appeared at the other corners on maskers. The lines were short enough (0.5°of visual angle) not to mask targets and pedestals.
We measured target contrast thresholds using a two interval forced-choice procedure. In each observation interval, the masker was presented for 900 ms after 300 ms of the beginning of the interval (Fig. 4) . Then, 200 ms later from the appearance of the masker, target plus pedestal or only a pedestal was presented for 500 ms. The luminance contrast of target and pedestal was sinusoidally attenuated at the beginning and end of the presentation. There was a blank interval of 400 ms between the first and second observation intervals. An interleaved pair of one-up, three-down staircases tracked the target contrast thresholds for each condition. The step size was initially set to be 4 dB and then moved to 2 dB after the second reversal. A staircase terminated after seven reversals.
Before measuring target contrast thresholds, observers adjusted positions of stimuli for precise binocular alignment. For this purpose, a black vertical line was presented to each eye. One line appeared at the top-center of a field of uniform mean luminance; another appeared at the bottom-center. We instructed observers to move the positions of the vertical lines so that the lines were aligned.
The experimental design was defined by a factorial combination of the masker phase (phase-aligned or phase-scrambled), the masker flicker (flickering or static), and the pedestal contrast. There were three or eleven levels of pedestal contrasts (À1, À30, and À10 dB; or À1, À46, À42, À38, À34, À30, À26, À22, À18, À14, and À10 dB). In addition to this, we tested the no-masker condition for the three or eleven pedestal contrasts. Thus there were 2 Â 2 Â 3 + 1 Â 3 = 15 or 2 Â 2 Â 11 + 1 Â 11 = 55 experimental conditions. We calculated target contrast thresholds at a correct rate of 75% and standard errors using psignifit toolbox which implements the maximum-likelihood method and the boot-strap method (Wichmann & Hill, 2001a , 2001b . If a standard error of a threshold was larger than 6 dB, another pair of staircases was conducted for the threshold. Then the threshold was recalculated based on results of four staircases.
Four observers (CAS, GM, AO, and AB) participated in Experiment 2. GM is one of the authors. Thresholds were measured at eleven pedestal contrasts for CAS and GM and at three pedestal contrasts for AO and AB. All the observers had normal or corrected to normal vision.
Results and discussion
We can see from the left columns in Fig. 5 that thresholds were higher for the flickering and static conditions with the phasealigned masker than for the no-masker condition between À1 and À22 dB of pedestal contrast. That is, the phase-aligned masker elevated contrast thresholds at low and intermediate pedestal contrasts. Compared with this, threshold elevation was much smaller for the phase-scrambled masker. The results were similar among three observers (CAS, GM, and AO). Fig. 6 shows their mean threshold elevations and 95% confidence limits (one-tailed). If an error bar is above 0, its threshold elevation is considered significant. We see from Fig. 6 that there are significant threshold elevations at À1 and À30 dB of pedestal contrast for the phase-aligned masker. In contrast, threshold elevation was much smaller for the phase-scrambled masker than for the phase-aligned masker. This suggests that phase alignment of high spatial frequency components is an important factor for the dichoptic masking effect.
There were only small threshold differences among pedestal contrasts for the phase-aligned condition (Fig. 5 , squares in left columns). On the other hand, it is known that target contrast thresholds decrease at intermediate pedestal contrasts (i.e. the so-called ''dipper effect") and increase at high pedestal contrasts (Georgeson & Georgeson, 1987; Legge & Foley, 1980; Nachmias & Sansbury, 1974) , as shown in the no-masker condition. Although Ross, Speed, and Morgan's (1993) binocular findings are similar to ours in that the high spatial frequency masker elevated target contrast thresholds at low pedestal contrasts and left them unaltered at high pedestal contrasts, their results also showed typical dipper functions. . Contrast thresholds for targets with the phase-aligned or phase-scrambled maskers in the dichoptic presentation. Threshold elevations were much higher for the phase-aligned condition than for the phase-scrambled condition. There were only small differences between the flickering and static conditions. The figure shows results of two (CAS and GM) out of four observers. Error bars are standard errors of thresholds. Fig. 6 . Mean threshold elevations of three observers (CAS, GM, and AO) in Experiment 2. Error bars show 95% confidence limit (one-tailed). If an error bar is above 0, its threshold elevation is considered significant. This difference suggests that the masking with phase-aligned high spatial frequency components may have a different mechanism from masking with a simple combination of gratings. Fig. 6 shows that the static condition produced a substantial masking effect, suggesting that dichoptic flicker is not effective when maskers contain only the higher spatial frequencies. This is similar to results in Experiment 1. In contrast, as mentioned in the previous section, Tsuchiya et al. (2006) reported that threshold elevation was much smaller for a static Mondrian pattern than for a rapidly presented one. Spatial components other than high spatial frequencies may contribute to CFS.
One of the four observers (AB) showed no threshold elevation (Fig. 7, right panel) . There seem to be inter-individual differences in the dichoptic masking effect with phase-aligned high spatial frequencies. Some previous studies also reported individual differences in dichoptic masking effects Meese & Hess, 2004) . Perhaps AB's dominant eye strongly suppresses the non-dominant eye. To examine this possibility, we switched the eyes to which the targets and maskers were presented (Fig. 7, left  panel) . Results for the non-dominant eye were similar to other observers' results in that the phase-aligned condition produced the larger threshold elevations than the phase-scrambled condition, and that flickering did not elevate thresholds. These support the importance of phase alignment for interocular suppression.
To further extend the results found in Experiment 2, we assessed which regions of the masker (i.e. the spatially overlapping region or the surround region) were important for the threshold elevation. A spatial Gaussian function or its inverse was applied to the flickering phase-aligned masker to restrict presentation regions to either the central overlapping or the non-overlapping, peripheral region of a visual field. For the center condition, the Gaussian function was the same as that used in the target Gabor pattern (SD = 0.5°of visual angle). For peripheral conditions, SDs of the inverse Gaussian function were 0.5°(near periphery) or 1°( distant periphery) of visual angle. Observer CAS and GM participated in this additional experiment. As shown in Fig. 8 , threshold elevations decreased either when the masker appeared just in the central overlapping or just the near peripheral regions. This suggests that the dichoptic masking occurs not only at the target position, the regions surrounding the target also contribute to the masking effect. However, most of the threshold elevations disappeared for the distant peripheral condition, suggesting that effects of the dichoptic masking were restricted within a few degrees of visual angle.
One might argue that local luminance contrasts rather than the phase alignment are critical for the threshold elevation. To test this possibility, we increased local luminance contrasts of the phasescrambled condition as high as the phase-aligned condition (À3.1 dB). That is, the maximum and minimum luminance in the phase-scrambled masker was set to be equivalent to those in the phase-aligned masker (51 cd/m 2 and 9 cd/m 2 , respectively). The high-contrast phase-scrambled masker had 1.5-2.1 times higher total luminance contrast, compared with the phase-aligned masker. Nevertheless, threshold elevation was still larger for the phase-aligned condition (13.7 and 8.3 dB for CAS and GM at À30 dB pedestal contrast with flickering) than for the high-contrast phase-scrambled condition (8.6 and 5.3 dB for CAS and GM). This suggests the crucial role of phase alignment in dichoptic masking.
In the no-masker condition, there was little or no threshold elevation at high pedestal contrasts. As noted above, a high contrast pedestal usually elevates contrast threshold. Absence of this threshold elevation could be due to high target detection thresholds in the present experiment. According to previous studies (Georgeson & Georgeson, 1987; Legge & Foley, 1980; Nachmias & Sansbury, 1974) , facilitation (a dip in a TvC function) appears around a pedestal contrast close to a target detection threshold. This is the case also in the present results. If we use a target that is easier to detect, the dip will shift leftward and there will be threshold elevations at high pedestal contrasts.
Experiment 3
We found that the phase-aligned, high-pass checkerboard pattern elevated thresholds in the dichoptic presentation. However, it is still unclear whether this masker elevates thresholds even when the target and the masker are presented to the same eye. Here, we will test the effectiveness of the phase-aligned masker for the monocular presentation.
Methods
Apparatus, stimuli, and procedure were the same as those in Experiment 2, except for three differences. First, we tested monocular presentation in addition to dichoptic presentation. Second, we did not test the phase scrambled condition which had shown much reduced threshold elevation. Third, we presented stimuli using the frame-interleaving method. Since the frame-interleaving method halves the luminance contrast of stimuli, the luminance contrast on each frame was set to be twice as high as that in Experiment 2. This makes effective luminance contrast the same between Experiments 2 and 3. However, we could not increase luminance contrast of the high-pass checkerboard pattern twice because its local luminance contrast had been 0.7 of Michelson contrast (À3.1 dB) at its edges. For this reason, here we set the local luminance contrast of the high-pass checkerboard pattern to be the maximum Michelson contrast on each frame. That is, the high-pass checker board pattern effectively had the local luminance contrast of 0.5 (À6 dB) at edges.
The experimental design was defined by a factorial combination of the masker presentation (monocular or dichoptic), the masker flicker (flickering or static), and the pedestal contrast. There were three or eleven levels of pedestal contrasts (À1, À30, and À10 dB; or À1, À46, À42, À38, À34, À30, À26, À22, À18, À14, and À10 dB). The no-masker condition was also tested for the three or eleven pedestal contrasts. Thus there were 2 Â 2 Â 3 + 1 Â 3 = 15 or 2 Â 2 Â 11 + 1 Â 11 = 55 experimental conditions. There were three observers. Two of them (CAS and GM) participated also in Experiment 2. Another observer (JET) was naive. Thresholds were measured at eleven pedestal contrasts for CAS and GM and at three pedestal contrasts for JET. All the observers had normal or corrected to normal vision.
Results and discussion
There was little threshold difference between the flickering, static, and no-masker conditions in the monocular presentation (Fig. 9, right columns) . That is, the masker hardly elevated target contrast thresholds when they were presented to the same eye. On the other hand, in the dichoptic presentation, thresholds were elevated for the flickering and static conditions compared with the no-masker condition (Fig. 9, left columns) . Fig. 10 shows mean threshold elevations and 95% confidence limits (one-tailed). A glance at Fig. 10 will reveal that the phase-aligned masker significantly elevated thresholds only for dichoptic presentation at À1 and À30 dB of pedestal contrast: i.e., the phase-aligned masker was not effective for the monocular presentation.
The results for dichoptic presentation were consistent with results in Experiment 2. The phase-aligned masker elevated thresholds at low to intermediate pedestal contrasts. In addition, flickering the masker was no more effective than keeping it static. Although the threshold elevations were smaller for the present experiment than for Experiment 2, this could be attributed to the lower contrast of the masker in the present experiment.
General discussion
We measured contrast thresholds for targets with maskers that have spatial frequency content that is sufficiently higher or lower (i.e. 1.6 or 3 octaves) than our target so that we would not expect any within-channel masking. Experiment 1 showed that the highpass fractal masker elevated target contrast thresholds at the low and intermediate pedestal contrasts for both monocular and dichoptic presentations, suggesting that cross-channel masking occurs after a monocular processing stage. In experiment 2, we found that the phase-aligned, high-pass checkerboard pattern elevated thresholds at the low and intermediate pedestal contrasts and that most of this threshold elevation disappeared when the phase of masker's spatial components were scrambled. Experiment 3 revealed that the masking with the phase-aligned, high-pass checkerboard pattern was effective in the dichoptic presentation but not in the monocular presentation. These results indicate that phase alignment of the high spatial frequency components plays an important role for interocular suppression.
Few differences were observed between the flickering and static conditions throughout the three experiments. This suggests that flickering of dichoptic maskers is not very effective when maskers contain only the high spatial frequency components. On the other hand, Tsuchiya et al. (2006) reported that most of the threshold elevation disappeared when a static Mondrian pattern was presented instead of a series of rapidly presented Mondrian patterns. The difference between their study and ours could be attributed to the effect of intermediate spatial frequencies that produce withinchannel masking effects. It is well known that dichoptic maskers substantially elevate target contrast thresholds when maskers contain spatial frequencies close to the target's spatial frequencies (Georgeson, 1988; Legge, 1979; Maehara & Goryo, 2005; Meese et al., 2006) . In such a case, the shorter the time lapse between target and masker presentations, the higher the threshold elevation (Georgeson, 1988) . It follows from this that a rapid presentation of the dichoptic maskers would have a larger effect than the static dichoptic masker when the maskers and targets share common or overlapping spatial frequencies. Moreover, a number of studies have found that masking produced the largest threshold elevation at temporal frequencies of 5-20 Hz in binocular presentation (Boynton & Foley, 1999; Cass & Alais, 2006; Meese & Holmes, 2007; Meier & Carandini, 2002) . Based on these findings, we speculate that most effects of CFS result from within-channel masking.
The phase-aligned high-pass checkerboard pattern did not elevate thresholds in the monocular presentation, whereas the high-pass fractal pattern did. This discrepancy might be due to a difference in a luminance contrast. Since contrasts of the fractal patterns were maximized after the spatial filtering, the total luminance contrast was much higher for the high-pass fractal pattern than for the high-pass checkerboard pattern. It would be reasonable to assume that high spatial frequency components elevate thresholds both in monocular and dichoptic presentations if their contrasts are high enough.
Threshold elevation with the fractal patterns was similar for dichoptic and monocular presentations. On the other hand, Meese and Hess (2004) found that Gabor-like (windowed cosine function) maskers with high spatial frequencies produced larger threshold elevations in a dichoptic presentation than in a monocular presentation when sizes of stimuli were small. This difference might be attributable to phase alignment of spatial frequency components in their maskers because small maskers contain a wider range of spatial frequencies than large maskers. That is, not only crosschannel masking, but also the phase alignment in their maskers presumably elevated thresholds in dichoptic presentation.
We turn now to considering why the phase alignment of high spatial frequency components was important for dichoptic masking. As mentioned before, there would be no within-channel masking effect because spatial frequencies of the maskers were at least 3 octaves apart from target's center frequency. Moreover, we found that cross-channel masking effects were similar for monocular and dichoptic presentations. Therefore, we assume that dichoptic masking with the phase-aligned high-pass checkerboard pattern occurs at a feature processing stage where phase-alignments are important. According to several theories on feature detection, luminance contours, such as edges and bars, are defined by local phase alignment across a range of spatial frequencies (Kovesi, 2000; Morrone & Owens, 1987; Morrone, Ross, Burr, & Owens, 1986) . Based on this, we would speculate that phase alignments signal the existence of a luminance contour in the monocular image and that this signal suppresses information conveyed by the other eye when there is no corresponding contour signal. Recently, Meese and Hess (2005) found that interocular matching of edges can attenuate the potency of interocular suppression, supporting our speculation. Similar to Legge's (1979) argument, we assume that interocular suppression originates also from a feature processing stage and it yields binocular rivalry. Our speculation is different from his argument in that the feature processing takes place in low-level spatial frequency selective mechanisms. This point is consistent with Boxtel et al.'s (2007) suggestion that binocular rivalry and dichoptic masking are the result of overlapping neural mechanisms.
In conclusion, we found that dichoptic maskers substantially elevated target contrast thresholds when the masker contained the phase aligned, higher spatial frequencies well separated from the spatial frequency composition of the target. This threshold elevation disappeared when targets and maskers were presented to the same eye. It follows from these results that phase alignment of high spatial frequency components is an important factor for interocular suppression. Flickering of the maskers was not very effective in the present study. This suggests that flickering is effective only when the masker and target contain common spatial frequencies. Although it seems reasonable to think that threshold elevation in the CFS experiments results from masking within spatial frequency selective mechanisms common to both the masker and target, the present results highlight the importance of phasealignment at high spatial frequencies that are distant from that of the target under purely dichoptic viewing.
